ABSTRACT: During the last 3 decades, tagging technology has been used to study different aspects of cetacean ecology. Tags implanted in animal's blubber, muscle and surrounding tissue have produced successful results, providing information on long-term movements. However, apart from the reports of 'divots' (depressions) and swelling at the tag sites in re-sighted large whales, little has been published about the long-term effects of tagging. Based on sighting history databases of photo-identified blue whales, we monitored the wound site of a satellite tag on an adult female blue whale over a period of 16 yr (1995 to 2011). This report describes the swelling reaction to a broken subdermal attachment from a tag designed early in the evolution of large whale tagging. The tag attachment remained embedded for a decade (much longer than expected), and may have affected the female's reproductive success during this period. The whale's calving history showed a total of 3 calves; 2 were prior to, and one ocurred after, the swelling period (1999 to 2007). We demonstrate the value of long-term monitoring programs in evaluating tag impacts, especially on endangered species.
INTRODUCTION
For more than 3 decades, radio-and satellite-tagging technology has been used to track movements, diving, acoustic and foraging behaviors of whales (Mate & Harvey 1983 , Watkins & Tyack 1991 , Goodyear 1993 , Croll et al. 1998 , Zerbini et al. 2006 , Davis et al. 2007 , Garrigue et al. 2010 , Kennedy et al. 2013 . In particular, the Oregon State University Marine Mammal Program has been very successful in tracking hundreds of large whales using implanted tags (including 12 stocks of 7 different species; Mate et al. 2007 ), showing how improvements in the size of the transmitter (Telonics ST-15) and attachment systems have made it possible to design a more effective implantable tag.
In the North Pacific, at least 180 tags have been implanted in blue whales. Information gathered from these tagged blue whales has contributed to a better understanding of their migration patterns (Mate et al. 1999 ) and habitat uses (Bailey et al. 2009 ), as well as promoting conservation areas for this endangered species (Etnoyer et al. 2004) . The scope of these large-scale studies (Block et al. 2011 ) and the availability of these tags in the market have rapidly raised an interest in tagging research on smaller cetaceans (Andrews et al. 2008 , Schorr et al. 2009 , Baird et al. 2012 , Durban & Pitman 2012 . Moreover, interest in tagging multiple life history stages to study predator ecology and to effectively manage marine populations has increased (Hazen et al. 2012) . Thus, these new approaches emphasize the need to better understand the long-term effects of tagging, especially if non-adult individuals or smaller species are to be specifically targeted in future studies.
A recent review of 30 yr of published literature on the effects of invasive marking on marine mammals (Walker et al. 2011 ) indicated that some technologies may cause short-term physiological responses (e.g. increased acute-phase proteins) and injuries (e.g. subcutaneous hemorrhaging and wound discharge) in small animals, and in some species, changes in survival rates have also been observed. Mate et al. (2007) suggested that the effect of tags on large whales was still open to debate, reporting that over 40 tagged whales had been re-sighted (out of 427 they tagged), and although cases of localized (3 to 10 cm) and regional (30 to 60 cm) swelling around some tag sites were observed, most of these effects did not persist and none were deemed debilitating. However, this inference was based on observations made over short periods of time relative to the long life span of the whales. Few focused assessments on the morphological effects of implanted tags in other whale species have been published. Robbins et al. (2013) described the effects of implant tagging on humpback whales Megaptera novaeangliae, reporting broad swellings that persisted over extended periods (at least 391 d in one case) and appeared to be related to tag breakage or body location. Best & Mate (2007) reported only one case of localized swelling in 10 tagged southern right whales Eubalaena australis, but also described divots and scars often associated with cyamids (Cyamus sp.) as a common feature of tag wound sites. An assessment of long-term survival (20 to 30 yr) using photo-identification of 7 humpback whales M. no vaeangliae radio-tagged from 1976 through 1978 was recently published (Mizroch et al. 2011) ; however, little information was reported on the tag sites or long-term effects. Overall, the scarcity of reports on the effects of satellite tags on cetaceans reflects the lack of systematic monitoring programs, or research programs that have not yet published their results. Long-term individual sighting histories gained from such monitoring programs are ex tremely valuable in the assessment of tag effects.
The photo-identification of individual blue whales (Sears et al. 1990 ) has proven useful to investigate movement patterns (Calambokidis et al. 1990 , Pike et al. 2009 , Wall et al. 2009 ), along with other population parameters (Calambokidis & Barlow 2004 , Ramp et al. 2006 
MATERIALS AND METHODS
Blue whales from the southwestern Gulf of California have been monitored annually since 1993 by CICIMAR researchers using a photo-identification method developed for the species by Sears et al. (1990) . Gulf of California surveys were conducted aboard a 9 m inboard diesel vessel and a 7 m outboard-powered skiff during 3 to 6 d at sea (January to May) between the cities of Loreto and La Paz. Each blue whale was identified by photographing both flanks and taking a skin/blubber biopsy (unless the individual had been previously sampled; Gendron & Ugalde de la Cruz 2012), resulting in a catalog of 750 unique individuals through 2013. Off the California coast, photographic identification has been conducted since 1986 using both dedicated small boat surveys and opportunistic platforms (Calambokidis et al. 1990 , Calambokidis & Barlow 2004 , resulting in the identification of more than 2000 unique individuals through 2011. A configuration of the surface-mounted satellite tag used on the monitored whale (2 sub-dermal attachments, each consisting of cast bronze temple toggles mounted to stainless steel posts holding the tag to the whale's back), as well as a description of the tagging procedures are provided in Mate et al. (2007) .
RESULTS
The blue whale subject of this paper (CICIMAR ID #75) was first photographed in the southwestern Gulf of California on 13 April 1994, accompanied by a calf (Table 1 ). The whale was subsequently observed off California on 10 September 1995, and tagged on its left side with a Telonics ST-6 tag in a surface-mounted housing with 2 sub-dermal attachments, one of which broke on impact (see Fig. 2a1,a2) . It was again observed with a new calf in the winter of 1996, but no photographs of the left side were taken. A photograph taken off California (CRC ID #1573) on 20 June 1999 revealed a moderate circular swelling of 30 to 60 cm in diameter on the whale's left flank where the tag had been attached (Fig. 1a) . In winter 2000, the whale was observed without good photographs of the left side. Photo graphs taken in winter from 2002 to 2005 showed a larger swelling of > 60 cm in diameter (Fig. 1b,c) and the still implanted sub-dermal attachment visible at its center (Fig. 2b, Table 1 ). In 2006, a photograph of the whale revealed that the sub-dermal attachment had been expelled, leaving an open wound with blubber tissue apparently visible at the center of the swelling, which appeared to have decreased in size compared to 2004 (Figs. 1d & 2c) . In 2007 the whale was photographed, but only the caudal fin was visible so the site of swelling was not observable (Table 1) . In 2009, no apparent swelling was observed, but the wound remained open (Fig. 1e) . The whale was last seen in 2011 with a scar (closed wound) present at the tag site (Figs. 1f & 2d) .
The sighting history of whale ID #75 indicates that this individual has been sexually mature since at least 1994, when first photographed with a calf (Table 1) . The whale was a productive female, rearing 2 calves in 3 yr (1994 to 1996) before we observed the granuloma in 1999. During the 8 yr swelling period documented from 1999 to 2007 (not including 2001 when this individual was not seen), there was no calf observed accompanying her until the winter of 2011 (Table 1) .
DISCUSSION
The most likely nature of the swelling documented in this study was a granuloma, which was both larger and longer-lasting than has generally been described as a reaction to other implantable tags. This was likely caused by the presence of a broken sub- dermal attachment that remained embedded in the whale for 10 yr. Without an external portion of the tag exposed to generate drag, the embedded attachment may have taken much longer than normal to shed, perhaps contributing to both the larger size and duration of the swelling. Another explanation may be a galvanic reaction from the use of dissimilar metals in the attachments (stainless steel shaft and bronze temple toggle) that could have led to irritation while the attachment re main ed in the whale. Subsequent veterinary advice (when the electronics packages became small enough) suggested implanting tags into the muscle layer so that attachments could deploy below the tough fascia at the blubber−muscle interface, in order to enhance long-term tag attachment and encourage encapsulation. However, a recent report on metal implant lesions in a North Atlantic right whale confirmed that a foreign object (a pointed needle) implanted through the blubber into the muscle may damage the muscle (because it is fixed in the blubber) while the blubber moves relative to the muscle as the animal swims (Moore et al. 2012) . Veterinarians do not agree whether tagrelated swellings are caused by infection or a foreign body response ). In the case reported here, the tag attachment was ultimately expulsed but remained implanted in the whale for a long period (1995 to 2005), a situation that may have resulted in stress to the animal.
For an endangered species such as the blue whale, monitoring and mitigation of all sources of stress should be a management goal. This particular population of blue whales is known to be susceptible to mortality from ship strikes off the coast of California during its seasonal feeding association with the area (Berman-Kowalewski et al. 2010). As both shipping traffic and number of blue whales increase in the area, the potential for future ship strikes will likely continue (BermanKowalewski et al. 2010 ). An thro po genic noise may also pose a stress to whales. Melcón et al. (2012) showed blue whales exhibiting an acoustical response to midfrequency active sonar and ship noise in the Southern California Bight, but the implications of such a response are currently unknown. Overall, chronic stress (affecting reproductive hormones) may lead to lower reproductive success in terrestrial mammals (Nelson 2011) , and similar effects are likely in marine mammals (St. Aubin 2001) . In 2009, 3 yr after the last observed swelling, the female blue whale was observed without a calf, but was emaciated (Fig. 1e) , which is a characteristic of lactating females (Gendron 2002 ). Thus, it is possible that the female had a calf in 2009 that we did not observe, or that emaciation was associated with nutritionallystressed conditions because of poor food supply. According to the Multivariate ENSO Index (MEI; Wolter & Timlin 1993 , El Niño-like anomalies (which could have led to poor conditions for calving) were predominant during 2002 to 2006 and 2009 (www. esrl. noaa.gov/psd/enso/mei/). With a mean calving interval of 2.57 yr, and a range of 2 to 4 yr for adult females in this population (Sears et al. 2013) , the absence of a calf during the swelling period may seem unusual and suggest an apparent decline in this female's reproductive success. Monitoring post-tagging reproductive success in 7 southern right whales, Best & Mate (2007) reported an average calving interval of 3.2 yr (the same as the pre-tagging interval), although all tags were shed in less than 3 yr.
Walker et al. (2011) recommended weighing possible long-term consequences of tagging against tagging program goals, especially for endangered species. The persistent period of swelling seen on whale ID #75 occurred for a tag design from 1995. Continued evolution in tag technology has led to smaller tag designs that could be almost fully implanted into a whale's back with only an antenna end cap exposed, thus decreasing hydrodynamic drag and eliminating most attachment breakage. Despite the concerns we have about the calving interval of this particular whale, we believe that the results from tagging have enabled a better understanding of habitat use, including female seasonal residencies, which can help to promote better conservation and management strategies. However, such studies should, where feasible, include post-attachment monitoring to assess the consequences of tagging. Several workshops on large whale tagging have indeed recommended monitoring tagged whales to study potential tagging effects. While such studies may be difficult to carry out on populations that dwell far from shore, some retrospective examinations and new tagging studies involving long-term follow-up are underway. It would be advantageous to tag whales with a sighting history, if possible, to ensure high individual re-sighting probability, better monitor the long-term effect of tags, and enhance the scope of the research through more detailed information of movement by sex or age class. When long-term data are not available, a monitoring program using the location data from the tagged whales would be desirable when feasible.
The link between certain blue whales feeding off California in summer and wintering in the Gulf of California was revealed long ago through the use of photo-identification (Calambokidis et al. 1990) , and this documented whale is another example of such movement which has been well-illustrated using satellite tag technology (Bailey et al. 2009 ). The results presented in this paper highlight the importance of collaboration in such efforts, involving the contributions of 3 different organizations and providing follow-up information on a tagged animal over a 16 yr period. These results also highlight the value of long-term monitoring programs for evaluating the impacts of technology on endangered species. 
